INTRODUCTION
In this paper, we tested the hypothesis that rougher floors would result in higher contact pressures. Lameness in cattle is widely recognised as a major economic and welfare problem (Vermunt and Greenough, 1996) . A wide range in the prevalence of lameness in dairy cattle is encountered; this variation may be due to a combination of many factors, including breed types, genetic selection, conformation characteristics, nutrition and feeding practices, amount of milk production, manure handling systems, presence or absence of certain types of infectious disease, and factors related to the environment in which dairy cows are kept (Cook et al., 2004) . The dairy cow's environment, in particular the type of flooring surface, may be the main determinant of the degree of lameness (Cook et al., 2004) . Lowering the prevalence of claw disorders and incidence of lameness in current housing systems requires more insight into characteristics of the floors that are involved (Somers et al., 2003) .
In modern farms, cattle are almost always housed on full concrete floors or on prefabricated slatted concrete floors because of the many advantages including durability and costeffectiveness. Despite these advantages, 80% of the cows exposed to concrete flooring are affected by 1 or more claw disorders concurrently. Cows housed in straw yard systems have the lowest levels of claw disorders, a marked contrast to concrete flooring (Somers et al., 2003) . Solid concrete floors yield numerically higher prevalence of claw disorders (5 out of 9 tested) than slatted floors, but differences were not significant (Somers et al., 2003) .
Animals often show claw diseases that could be the direct and indirect effects of the roughness and slipperiness of the floor (McDaniel and Wilk, 1991) . Many claw diseases are 4 caused by traumas of the dermis of the sole, resulting from extreme local overload (Distl and Mair, 1993) . It is believed that the processes of normal horn production and abrasion are disturbed by abnormal load bearing on a hard floor. This could result in claw malformation (van der Tol et al., 2002) . Increased growth rate of the horn can occur with (free-stall) housed cattle (Vermunt, 1996) and the wear rate often exceeds the rate of claw horn growth (Shearer and van Amstel, 2003) . Confinement on concrete enhances the physical effects of excessive load bearing on hooves. These physical effects are further complicated by the fact that the unyielding nature of hard-flooring surfaces tends to irritate the corium, thereby increasing its blood flow and accelerating the growth of claw horn (Shearer and van Amstel, 2003) . Somers et al. (2005) confirmed that cows in straw yards had smaller lesion scores for digital dermatitis than cows housed on solid or grooved concrete floors. Moreover, the claws of cows on solid concrete floors were steeper than those held on slatted and grooved floors (Somers et al., 2005) . Sato et al. (1988) measured the forces applied by cow hooves during walking; Sato and Hasegawa (1993) examined forces during standing and lying; and Albutt et al. (1990) determined the forces during walking, together with horizontal foot movements. In those studies, a force plate was 5 used to register the force components in 3 perpendicular directions. However, measurement of the contact pressure distribution or determination of the influence of the floor surface was not possible with that system because the force plate used recorded only the vertical reaction force and the duration of the contact. Distl and Mair (1993) 2 ). Nevertheless, they were also limited to the measurement of pressures between claw and measuring plate (instead of claw and floor). This implies that their equipment did not allow investigation of the effect of the floor surface properties. The foot-to-ground pressure distribution was also described in more recent literature van der Tol, 2004; Carvalho et al., 2005) , but again, the influence of the floor roughness was not taken into account because the bovine claws were tested on metal pressure plates, sometimes covered with rubber mats.
In this paper, the determination of the roughness of concrete floors and the assessment of contact pressures between claw and concrete floor is presented. These findings are further elaborated with the study of the strains and stresses in the claw wall horn; strains were recorded with strain gauges. The influence of floor roughness on abrasiveness or slipresistance is beyond the scope of this paper.
The approach of measuring contact pressures between cattle claws and different concrete floors in a laboratory test bench was first discussed by De Belie and Rombaut (2003) . Their experiments served as the basis for the current research (e.g., the same concrete samples were used and the same loading steps were applied). In the current research, the methods were refined (e.g., the claw preparation was more practical and the laser measurement device was 6 equipped with stepping motors and better software to enhance the accuracy and repeatability of the roughness measurements). It was expected that concrete floors with a greater degree of roughness would result in higher contact pressures, perhaps high enough to cause damage to the bovine claw. This theory was tested by pressing bovine claw models on concrete samples with different roughness and by measuring the occurring contact pressures in the meantime.
MATERIALS AND METHODS

Concrete panels
Five samples of concrete floors (160 mm long × 160 mm wide × 50 mm high) were made with 5 different kinds of surface structure, obtained by varying the finishing method: surfaced with a metal float (metal), surfaced with a wooden float (wood), brushed (brush), and mildly (sand 1) and heavily (sand 2) sandblasted. The latter 2 were included to simulate a degraded concrete floor with coarse aggregates protruding. The same mix composition of concrete (i.e., same aggregates, same ratios of components) was used for all samples.
Roughness measurement of concrete panels
The roughness of the concrete floors was determined by measuring the height of the surface peaks and valleys with a high precision laser beam (sensor ILD 1800-50 and interface optoNCDT 1800, Micro-Epsilon Messtechnik GmbH, Ortenburg, Germany; resolution = 5 μm), mounted on an automated laser measurement (ALM) table developed in-house and equipped with 2 stepping motors controlling the motion in the X and Y directions (Figure 1 ).
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The profile measurements can then be used to calculate the centre-line roughness value (R a ), the root mean square roughness value (R   148   149   150   151   152   153   154   155   156   157   158   159   160   161   162   163   164   165   166   167   168   169   170   171   172 q ), and the difference between the mean of the 5 highest values and the mean of the 5 lowest values (R z ) values according to the standard BS 1134 (British Standards Institution, 1972) . The R a value, or centre-line value, is determined with an average line drawn through the measured profile; R a is then the sum of the surface areas between the profile and the centre-line over a selected reference length, selected to include important roughness features, but exclude errors of form. Using the ALM, the R a value can be determined with an accuracy of 7 μm. The R q value is equal to the standard deviation of the roughness height distribution (British Standards Institution, 1972) , and the R z value is the difference between the mean of the 5 highest values and the mean of the 5 lowest values (van Beek, 2004) . 
Bovine claw preparation
Twenty limbs of freshly slaughtered cows were taken from the abattoir. Most cows (80 %) were beef cows from the Belgian Blue Beef breed and were almost all held on slatted floors, some dairy cows (Holstein, 20 %) were used. No distinctions were made between fore and hind limbs or between left and right limbs. Mostly front limbs were taken because the cows were hanging in the abattoir attached to a hind limb (thus, it was easier to cut off the front limb). Although it is generally accepted that the lateral hind claws are most prone to claw lesions (Weaver et al., 1981) , this higher susceptibility can be explained by the different 8 loading situation, not by the different mechanical properties of bovine claw horn from hind and fore claws. The lateral hind claws undergo a highly fluctuating load during continuously occurring small left-right movements, because the hind limbs are connected to the body with hinge joints, unlike the fore limbs (Toussaint Raven et al., 1977) . In a static loading situation, as simulated in the described laboratory tests, a distinction between fore and hind limbs would therefore not be necessary. In earlier research (Franck et al., 2006) , the variables fore vs. hind and left vs. right did not have any significant effect on the biomechanical properties of the claw horn, such as the modulus of elasticity, the coefficient of Poisson, and the yield stress. The claws all had well-formed healthy and intact horn walls and soles (without damage or disorders). All limbs had undergone the same treatment: they were cut off the just-slaughtered animal, cleaned (i.e., the slurry was scraped off), and immediately put in plastic bags to maintain the moisture level. The limbs were then frozen until further preparation. In the frozen state, the claws were sawn off just above the horn wall, with the saw cut parallel to the sole, immediately before testing. The claw was then thawed to enable the 2 toes to be manipulated (to be positioned at the same level). The unfrozen claw was put in a polyvinylchloride (PVC) tube (i.d. = 150 mm; height = 120 mm) with the sole of the claw making close contact with a horizontal surface. A layer of liquid plaster (to a height of ±20 mm) was poured into the PVC tube so that the plaster was surrounding the claw. After the plaster dried completely, epoxy resin was poured on the claw and the plaster. The purpose of the plaster was so that the epoxy resin would not interfere with the sole and the lower parts of the horn wall (epoxy resin cannot be removed easily); the epoxy resin was used to confine the whole claw in a solid block that could then be used to transfer forces onto the claw. Inert quartz filler was added to the resin to be able to dissipate the heat generated by the 2-component exothermic reaction. After the epoxy resin had cured, the PVC tube and the plaster A typical image provided by the Tekscan sensors and visualised by the software is shown in Figure 5 . Unfortunately, the outline of the claw cannot be shown because it was not recorded by the sensors and because the Tekscan sensors have no reference to X/Y coordinates.
Strain measurements on claw wall horn
For 4 bovine claws, the wall horn strain under increasing load was monitored. Linear strain gauges (HBM 6/120LY16: 6 mm × 2.8 mm Constantan measuring grid, 6-mm measuring length and resistance of 120 Ω, Hottinger Baldwin Messtechnik GmbH, Darmstadt, Germany)
were attached with 2-component cyanacrylate glue to the horn wall in both vertical and horizontal directions. There were 2 strain gauges on the dorsal wall and 2 on the abaxial wall The location and the direction of the strain gauges on the right and left toes of the 4 claws is indicated in Figure 7 . The strain was then related to the load applied on the claw and with the finishing method of the floor sample. The measurements generated by strain gauges on homologous locations on different claws were compared: the measurements of strain gauge 1 of the claws 1, 2, and 4; the measurements of strain gauge 2 of the claws 1 and 3; the measurements of strain gauge 3 of the claws 1 and 3; and the measurements of strain gauge 4 of the claws 1, 2, and 3 were compared with each other (see Figure 7 ). If mirror symmetry between the 2 toes is assumed, then more series of measurements can be compared with each other: strain gauge 2 and 3 of claw 2 and 4; strain gauge 4 of claw 1, 2, and 3 and strain gauge 1 of claw 3; strain gauge 2 and 3 of claw 1 and 3; and strain gauge 1 of claw 1, 2, and 4 and strain gauge 4 of claw 4.
Statistical analyses
The statistical analyses were carried out with the software package SPSS 12.0 for MSWindows (SPSS Inc., Chicago, IL, USA). Two types of ANOVA were performed for 1 dependent variable: the first analysis was to test only 1 factor at a time and the second analysis tested the effects of more than 1 factor (and their interactions) at a time. The first is a 1-way ANOVA and the other is a univariate GLM. Significance levels were always kept at α = 0.05. Appropriate posthoc (e.g., Student-Newman-Keuls) tests were also carried out. 
RESULTS
Roughness measurement of concrete panels
The mean of the roughness measurements (reference length = 40 mm) is illustrated in Figure   8 . The surface finishing had a significant effect on the roughness of the concrete panels. There was an increase in roughness with the panels in the following order: metal, wood, brush, sand 1, and sand 2.
The Student-Newman-Keuls test (α = 0.05) was used to calculate the probability that results with similar mean values are not significantly different. This test showed that brush and sand 1 finishing methods could not be distinguished from each other with regard to their surface roughness variables.
Claw-floor contact pressure distribution
A univariate GLM proved that load, claw, surface finishing, and the interaction of claw with surface finishing all had a significant effect (α = 0.05) on contact area, mean contact pressure, and peak contact pressure.
An 1-way ANOVA for the quantitative dependent variables contact area, mean contact pressure, and peak pressure by the single variables claw, load, and surface finishing was performed. This proved that claw, load, and surface finishing had significant effects (α = 0.05) on contact area and peak contact pressure. Claw and surface finishing also had significant effects on the mean contact pressure, but load did not have a significant effect on mean contact pressure. This is because the contact area became larger with an increase in load, due to deformation of the claw.
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The magnitude of the effect of the different variables is summarised in Table 1; The results of the peak contact pressures can be illustrated with the graphs in Figure 9 . The graph that shows the effect of surface finishing on peak contact pressure indicates that the values for sand 2 were remarkable higher than the results for the other surface finishes.
Indeed, when the results of sand 2 samples were removed, there was no significant effect of surface finish on the peak contact pressures. The sand 2 finish yielded greater surface roughness values than did the other finishes. The mean values of the peak contact pressures matched the roughness values almost perfectly: the Pearson correlation ρ between R a and the mean values of the peak contact pressures was equal to 0.987.
In Tables 2 and 3 , the values for contact area (mm 2 ), mean contact pressure (MPa), and peak contact pressure (MPa) are shown for loads of 2 and 6 kN, respectively. These load values represent a physical meaning: 2 kN approximates the weight of a cow on 1 limb when standing or walking, 6 kN approximates the weight of a cow that is exerted on 1 limb that can occur when the animal is running or jumping.
The results in Tables 2 and 3 show that the increased load mainly had an effect on the contact area; the mean and peak contact pressures were less affected. The mean contact area nearly doubled in value with a load increase from 2 to 6 kN.
Strain measurements on claw wall horn
Strain gauge readouts indicated elongation and shortening at a particular region of the claw wall. Negative strain gauge readouts indicated a shortening of the claw wall and positive and with strain gauge 4 between claws 1, 2, and 3 for all finishes. For the finishes metal, wood, and brush, significant differences were found between claw 1 and 3 and between claw 1 and 2. For the finishing methods sand 1 and sand 2, significant differences were found between claws 1, 2, and 3. These findings were supported by the Student-Newman-Keuls test.
Before conducting the tests, no significant differences were expected because the strain gauges were placed on the horn wall in the same direction and on the same location. Another ANOVA was run in order to check for significant differences between strain gauge readouts when mirror symmetry was assumed. The following significant differences were found: with strain gauge 2 and 3 of claws 2 and 4 for all finishing methods; with strain gauge 4 of claws 1, 2, and 3 and strain gauge 1 of claw 3 for all finishing methods; and with strain gauge 2 and 3 of claws 1 and 3 only for sand 2.
The position of the point of action of the load on the claw provides an explanation for the differences between the strain readouts at the same location and with the same direction, also in case of mirror symmetry. The general observations for different floor finishing methods are summarised in Figure 11 . 
DISCUSSION
Although locomotory problems are complicated and multifactorial, this paper mainly deals with animal housing. The emphasis is on the concrete floor, with the focus on the roughness of the floor. The intention of this paper was to investigate the influence of floor roughness on contact pressures only, not on abrasiveness. Abrasiveness is also an important factor but beyond the scope of the current paper.
Roughness measurements
The ratio of the variables R q /R a was equal to 1.21, which is in accordance with the ratio (1.25)
found by van Beek (2004) . This means that the roughness was according to a normal distribution. The ratio R z /R a was equal to 4.7; van Beek (2004) reported values between 4 and 7 for this ratio. Surface roughness affects the locomotion of cattle positively as well as negatively, by improving frictional properties and reducing slipperiness, and by increasing wear rates of claw horn, which leads to a less protruding wall, thin soles, and thus lameness (Bonser et al., 2003) . Many farmers roughen the floors to reduce slipperiness, but this may increase the risk of claw disorders by creating high pressures that may damage the bulb. The remedy may be worse than the initial problem in this case. Floors that optimise welfare should be sufficiently abrasive to prevent slipping; the rates of abrasive wear should not exceed and preferably equal rates of claw horn growth (Bonser et al., 2003 ). It appears that surface roughness is the main factor in mediating friction, although the hydration state of the claw material plays an important role on hoof attrition rates.
Preliminary data hinted at complex interactions between the moisture content of claw horn, frictional properties, and abrasive wear (Bonser et al., 2003) .
Although no roughness values are available for comparison, Phillips and Morris (2001) described the frictional and abrasive characteristics of 4 different surfaces (concrete covered with epoxy resin, with and without aggregates of different size). The floor types with the smallest aggregates (0.5 mm) may resemble some concrete panels used in the current research, such as wood and brush. The floor with the 0.5-mm aggregates seemed to be most suitable for cows to walk comfortably (cows were taking long strides) with little risk of slip.
Rougher floors (aggregates of 1.2 and 2.5 mm) yielded higher abrasion rates, which could result in sole bruising (Phillips and Morris, 2001 ). Somers et al. (2003) found that cows exposed to concrete flooring had significantly more claw disorders than cows housed in straw yard systems. This difference could be explained by the roughness and the abrasiveness of concrete floors.
Claw-floor contact pressure distribution
The measured peak contact pressure for all loads varied between 2.2 MPa and 110.7 MPa.
The latter value was well beyond the yield stress of bovine claw horn that was determined by These results prove the hypothesis that states that rougher floors can result in higher contact pressures that can damage the claw horn.
The contact area increased with increasing force applied on the claw, but the mean contact pressure also increased with increasing force. This means that the contact area increased less in proportion to the increase of the force applied on the claw. It is interesting that the contact area increased, which may be explained by the deformation of the claw (which was more substantial at a higher load). The peak pressure increased at a faster rate than the mean contact pressure. However, the rates of increase in contact area, mean contact pressures, and peak pressures were different for every claw.
The surface finish resulting in the highest peak contact pressure also differed for various claws. The least rough surface did not always result in the lowest mean and peak contact pressures and the roughest surface did not necessarily result in the highest mean and peak contact pressures. This is illustrated in Figure 12 : the metal surface finishing method resulted in the smoothest surface, but sand 1 and wood resulted in consistently smaller peak contact pressures for loads between 3 and 9 kN for this particular claw.
For the same applied force, the contact area was lower with rougher surfaces. This was especially the case for sand 2 surfaces. On that surface, the aggregates were clearly visible and the bovine claw was only supported by these aggregates, resulting in a very small contact area. An example may illustrate these findings: claw 8 loaded with 6 kN yielded a contact (2004) and the minimum peak pressure found in this study (4.8 MPa) differ by a factor of 4. The dairy cows in van der Tol's study had a weight of 6.9 ± 1.3 kN, which means that a weight of about 1.7 kN was exerted on 1 limb. These values have to be compared with the values found at 2 kN in the current study ( Table 2 ). The minimum mean contact pressure was in this case 0.60 MPa, which is of the same order of magnitude as the results in the van der Tol (2004) 
Strain measurements on claw wall horn
The strain observations between different finishing methods cannot be compared exactly because the point of action of the load would never be at exactly the same position because the concrete panels had to be swapped and the bovine claw had to be repositioned. The results should be interpreted with care when mirror symmetry was assumed. There might be anatomical symmetry, but in reality, forces are not equally shared between the lateral and medial claws of 1 limb (Toussaint Raven et al., 1977; van der Tol et al., 2002) .
Loading can deform the claw in various ways, depending on the point of action of the load, and in reality, the claws are loaded in different ways. If the hind claws, especially the lateral hind claws, suffer from claw diseases, then that might also be due to the direction of the load.
The hind legs of the cow are connected to the pelvis through a ball-and-socket joint at the hip.
During movement, the distribution of weight within and between the claws changes, displacing more weight to the lateral claws (Toussaint Raven et al., 1977) . The point of action of the load can also change due to overgrowth of the claws (e.g., overgrowth of abaxial wall or at the toe), which can increase the potential of a sole ulcer to occur (Shearer and van Amstel, 2003) .
The stress in the claw wall, σ (N/mm 2 ), is related to the strain ε: 517   518   519   520   521 where E is the modulus of elasticity of wall horn (N/mm 2 ). To assess the risk on wall-horn rupture, the strain occurring at a load of 6 kN on floor type sand 2 can be multiplied by the modulus of elasticity found in earlier research (Franck et al., 2006) ; when a loading velocity of 1 mm/min is assumed, the modulus of elasticity was 382 and 261 N/mm 2 for the dorsal and 22 abaxial horn wall, respectively. Strain gauges 1 and 4 are attached to the abaxial horn wall and strain gauges 2 and 3 are attached to the dorsal wall. The resulting stresses can then be compared with the yield stress found in earlier research (Franck et al., 2006) . The results are summarised in Table 4 2 for dorsal and abaxial wall horn, respectively, as measured in earlier research (Franck et al., 2006) .
General issues
The results presented in this paper come from a prepared claw cut from a frozen limb just above the coronary band parallel to the sole, which was solidly assembled in an epoxy resin block that could be mounted on a test bench. There are limitations to this test setup because the in vitro claw can hardly be recognised as a natural claw. It lacks the dynamics of the claw in vivo like the ligamenteous action, muscle action via tendons attached to the claw, or the navicular bone. In vivo forces while standing are mainly applied via the skeleton to the claw capsule or, in case of a sunken claw bone, also to the sole/bulb area. The relative motion of the 2 digits in vivo is quite large and this could provide a stable claw-floor contact of each single claw. These in vivo dynamical properties are not accounted for in the current bovine claw model and the acquired results could therefore be different than the stresses occurring in real circumstances. We first tried to work with a bovine limb cut off just above the metatarsus/metacarpus, but it was impossible to load this limb in the available compression machine. The claw had to be supported to prevent it from jumping out of the machine (which is very dangerous); such a support also would have affected the measurements (the motion of the limb had to be restricted). Embedding the bovine claw in epoxy resin also presented some drawbacks. The resin embedded the claw in a monolithic block, so movement of the 2 toes was restricted, which was a simplification of reality. This method represents a square-standing were attached to the dorsal wall. The strain was measured and the stress was calculated using the modulus of elasticity as determined in Franck et al., 2006 . T h e s a m p l i n g f r e q u e n c y w a s 4 3 m e a s u r e m e n t s / m m i n t h e X d i r e c t i o n ( i n t e r s e c t i o n s 1 , 2 , a n d 3 ) a n d 5 2 m e a s u r e m e n t s / m m i n t h e Y d i r e c t i o n ( i n t e r s e c t i o n s 4 , 5 , a n d 6 ) . F i g u r e 4 . T e k s c a n s e n s o r b e t w e e n b o v i n e c l a w a n d c o n c r e t e p a n e l i n c o m p r e s s i o n m a c h i n e . T h e s e n s o r i s i n s e r t e d i n a h a n d l e , w h i c h i n t u r n i s c o n n e c t e d t o t h e d a t a a c q u i s i t i o n c a r d o f a p e r s o n a l c o m p u t e r . T h e a r r o w i n d i c a t e s t h e p l a c e w h e r e t h e h i g h e s t c o n t a c t p r e s s u r e b e t w e e n c l a w a n d c o n c r e t e f l o o r o c c u r r e d .
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F i g u r e 6 . S t r a i n g a u g e s ( 1 t o 4 ) g l u e d t o c l a w w a l l h o r n f o r h o o f p r e p a r a t i o n n u m b e r 1 7 . S t r a i n g a u g e 1 i s m o s t t o t h e l e f t a n d s t r a i n g a u g e 4 i s n o t v i s i b l e . F i g u r e 8 . R o u g h n e s s ( R a , R q , a n d R z ) o f c o n c r e t e f l o o r s a m p l e s w i t h d i f f e r e n t s u r f a c e f i n i s h i n g ( e r r o r b a r s : 9 5 % c o n f i d e n c e i n t e r v a l f o r m e a n ) . R a i s t h e c e n t r e -l i n e r o u g h n e s s v a l u e , R q i s t h e r o o t m e a n s q u a r e r o u g h n e s s v a l u e , a n d R z i s t h e d i f f e r e n c e b e t w e e n t h e m e a n o f t h e 5 h i g h e s t v a l u e s a n d t h e m e a n o f t h e 5 l o w e s t v a l u e s . F i g u r e 1 0 . S t r a i n g a u g e m e a s u r e m e n t s r e l a t e d t o t h e a p p l i e d l o a d ( c l a w n u m b e r 1 o n m e t a l s u r f a c e f i n i s h i n g ) .
F i g u r e 1 1 . V i s u a l i z a t i o n o f t h e s i g n o f s t r a i n g a u g e r e a d o u t s . Strain gauge 1 is most to the left and strain gauge 4 is not visible. 
